Spindle-shaped cells of vascular origin are the probable tumor ceDls of Kaposi sarcoma (KS). These ceDls, derived from patients with KS and AIDS, proliferate in response to extracellular Tat protein ofhuman immunodeficiency virus tpe 1. Normal vascular ceDls, believed to be the progenitors of AIDS-KS ceDls, acquire spindle morphology and become responsive to the mitogenic effect of Tat after culture with inflammatory cytokines. Such cytokines are increased in human immunodeficiency virus type 1-infected people, suggesting that immune stimulation (rather than immune deficiency) is a component of AIDS-KS pathogenesis. Here we show that (s) Tat promotes adhesion of AIDS-KS and normal vascular cells; (it) adhesion of normal vascular cells to Tat is induced by exposure of the ceDls to the same cytokines; (iii) adhesion is associated with the amino acid sequence RGD of Tat through a specific interaction with the integrin receptors asp, and a433, although it is augmented by the basic region; and (iv) the expression of both integrins is increased by the same cytokines that promote these cells to acquire spindle morphology and become responsive to the adhesion and growth effects of Tat. The results also suggest that RGD-recognizing integrins mediate the vascular cell-growth-promoting effect of Tat.
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Human immunodeficiency virus type 1 (HIV-1) (1, 2), the etiologic agent of AIDS (3), contains the tat gene, which encodes an early trans-activator protein (Tat) necessary for virus replication (4, 5) . We suggested that Tat and inflammatory cytokines are key pathogenetic links between HIV-1 infection and the high frequency of Kaposi sarcoma (KS) development (for review, see ref. 6) . KS is an angioproliferative disease frequently associated with HIV-1 infection (7) and characterized by proliferating spindle-shaped cells (KS cells) mixed with endothelial and inflammatory cells (6) .
During HIV-1 acute infection ofT cells, Tat is released into the extracellular fluid (8, 9) , promoting growth of spindle cells derived from AIDS-KS lesions (8, 9) . Normal vascular cells, both endothelial and smooth muscle cells, probable precursors of AIDS-KS cells (10, 11) , acquire spindle morphology and become responsive to the mitogenic effect of Tat after exposure to cytokines present in conditioned medium (CM) from activated immune cells (12) . When we tested these cytokines we found that tumor necrosis factor, interleukin 1 (IL-1), and y interferon produce the same effects as the CM (ref. 12 ; and V. Fiorelli, unpublished work). Because these cytokines are increased in HIV-1-infected individuals (13) (14) (15) and because previous results have shown that tat-transgenic mice develop KS-like lesions (16) , we hypothesized that cytokines and Tat cooperate in KS development (12) .
Tat has been shown to induce adhesion of human lymphoid and rat skeletal muscle cells when immobilized on culture plates through the amino acid sequence RGD present in the product of the second exon of tat (17) . Others have suggested that the basic region of Tat, present in the product of the first exon of the gene, mediates, at least in part, cell adhesion to Tat (18) . However (12, 22, 23) . CM from phytohemagglutinin-stimulated and enriched T cells or CM from human T-lymphotrophic virus type II-transformed CD4+ T cells, were used to "activate" normal vascular cells (12) . Each CM contains a combination of inflammatory cytokines: IL-la at 0.5 ng/ml, IL-183 at 3.5 ng/ml, tumor necrosis factor a at 0.2 ng/ml, tumor necrosis factor f3 at 0.05 ng/ml, -interferon at 0.15 ng/ml (12) .
Tat, Other iHV-1 Proteins, and Tat Peptides. Recombinant Tat protein (from HIV-1 IIIB isolate), expressed and purified as described (9) , was tested for biological activity by cellgrowth assays and rescue of Tat-defective HIV-1 proviruses (9) . Recombinant (8, 9, 12) , and others have shown that Tat induces the adhesion of lymphoid and skeletal muscle cells (17, 18) . To evaluate whether Tat was capable of a specific cell-surface interaction with AIDS-KS cells, cell adhesion experiments were done with recombinant purified Tat protein. In these assays, BSA and the HIV-1 proteins p15, p24, and Rev were used as negative controls. FN and VN were used as positive controls because they contain the RGD sequence and their receptors are expressed in mesenchymal-and sarcoma-derived cells (19, 26) . Tat induced the adhesion of AIDS-KS cells in a dose-dependent manner, mimicking the effects ofFN and VN ( Fig. 1) . To the contrary, no cell adhesion was seen with BSA or HIV-1 p15, p24, and Rev at any of the concentrations used or with oxidized Tat (Fig. 1 and data not shown), which is also inactive in inducing cell growth and HIV-1 gene expression TAT, jug/ml 10 10 (8, 12) , but after exposure to inflammatory cytokines from CM of activated T cells, they become responsive (12) . This resembles IL-2 and normal T cells. IL-2 has no growth effect until cells are activated and express IL-2 receptors (27) .
Similarly, without prior exposure to inflammatory cytokines, immobilized Tat promoted attachment of SM cells but had little or no effect on the adhesion of H-UVE cells (Fig.  2) . After exposure to cytokines, SM cell adhesion to the protein was increased, and H-UVE cells became adherent to Tat (Fig. 2) . For both cell types, adhesion reached values similar to AIDS-KS cells (Fig. 1) . These cytokines also increased vascular cell adhesion to FN and VN (Fig. 2 (17) and/or by the basic region of Tat Proc. NatL Acad. Sci (Fig. 3A) . The (21) or with the mutated peptide GKGESP (20) (Fig. 3B) . The effect of these peptides on the cell adhesion to FN was monitored as control. Cell adhesion to both Tat and FN was inhibited only by the RGD peptide but not by the mutated peptide (Fig. 3B) . These results indicated that, as for ECM proteins (19, 20, 24) , the RGD sequence is the major domain mediating AIDS-KS and vascular cell attachment to Tat. (Fig. 4) . Tat, but not p24, inhibited cell attachment to FN or VN in a dose-dependent manner (Fig. 4) and at concentrations lower than concentrations of RGD-containing molecules used in similar studies (31) . These data indicated that the same integrins mediate the attachment to both Tat and adhesion molecules by recognizing the RGD sequence common to these proteins.
AIDS-KS Cells Express High Levels of FN and VN
Cell Attachment to Tat Is Mediated by a5131 and a83 Receptors. As (Fig. 5 ). Controls were antibodies directed against antigens expressed by the cells, such as CDw49b (directed against the a chain of the collagen receptor a2/81, which recognizes sequences other than the RGD) (19) , QBEND/10, anti-factor VIII, and anti-CD4 antibodies (Fig. 5) . Antibodies directed against a5/31 or avP3 inhibited -50% of Tat-cell adhesion (Fig. 5A) . The simultaneous addition of both antibodies had additive effects, inhibiting cell adhesion to Tat at the same level as seen with FN (Fig. SB) . To the contrary, adhesion to Tat or FN was not inhibited by any of the control antibodies (Fig. 5) . These results demonstrated that both a5sPi and avP3 mediate the cell attachment to Tat by interacting with the RGD region of the protein.
DISCUSSION
Previous results suggested that HIV-1 Tat and inflammatory cytokines cooperate in the development of AIDS KS (8, (12) (13) (14) (15) (16) (32) (33) (34) . The induction of vascular cell growth responsiveness to Tat by inflammatory cytokines (12) suggested the presence of inducible Tat receptor(s). The finding that Tat induces AIDS-KS cell adhesion (Fig. 1) confirms the hypothesis of interaction of Tat with receptors expressed by AIDS-KS cells. Experiments with normal vascular cells indicated that the attachment to Tat is induced or increased by exposure of the cells to the same cytokines promoting the Tat-cell-growth response (12) (Fig. 2) . The vascular cell adhesion to Tat is mediated by the RGD sequence of the molecule (Fig. 3) .
Although the basic region of Tat does not inhibit vascular cell adhesion to the protein (Fig. 3A) , this region may also contribute to the total cell-attachment effect of Tat. This hypothesis agrees with data indicating that this region of Tat can interact with neural cells (35) and can participate in the Proc. Natl. Acad. Sci. USA 90 (1993) 7945 adhesion of lymphocytic cell lines to Tat (18) . Recent data indicate that electrostatic interactions of the basic region of Tat with the RNA bulge structure of the Tat-responsive element present in all HIV-1 transcripts increase the RNAbinding and trans-activation ability of Tat through conformational changes that raise the binding affinity of its sequence-specific interactions (36) . By analogy, this could also be the role played by the basic region of Tat in cell adhesion.
The RGD sequence is one of the major cell-attachment domains of ECM proteins and is recognized by integrin receptors (20, 21) . Among these, a5,31 and av,83 (the FN and the VN receptors) are widely distributed on cells of mesenchymal origin and sarcoma-derived cells (26) and are upregulated by inflammatory cytokines (37, 38) . When normal vascular cells are cultured with these cytokines, the expression of both a5P1 and avf33 increases to levels detected in AIDS-KS cells (Table 1 ). This result is associated with an increased vascular cell attachment to both Tat and FN or VN (Fig. 2) , suggesting that the FN and VN receptors mediate the Tat-induced cell attachment. Tat, in fact, inhibits cell adhesion to either FN or VN (Fig. 4) , and antibodies directed against a5/31 or avf33 reduce the cell adhesion to Tat (Fig. SA) .
When the antibodies against both receptors are combined, cell adhesion to Tat is further decreased, as for FN (Fig. SB) .
These results indicate that both a5131 and avp3 mediate the Tat-induced cell adhesion and agree with previous studies showing that these receptors are functionally interchangeable (39) . Similar to FN (19) , several RGD-recognizing integrins may participate in the effects of Tat on these or, possibly, other cell types. Receptor expression and cell-attachment effects may vary with different cell culture conditions. The fact that SM cells (but not H-UVE cells) attached to Tat before any exposure to cytokines suggests a differential receptor expression and/or affinity by these two cell types when cultured in the absence of any cell-growth induceri.e., fibroblast growth factors. However, after cytokine treatment, both cell types adhered to Tat, reaching values similar to AIDS-KS cells.
Because the same cytokines augment expression of RGDrecognizing integrins, increase cell attachment to Tat, and induce vascular cells to become responsive to the mitogenic effect of Tat and because FN induces both cell growth and cell attachment through the a518 integrin (40) (41) (42) 
